[1] The equatorial electrojet (EEJ) flows as an enhanced eastward current in the daytime E region ionosphere between 100 and 120 km height at the Earth's magnetic equator. The flowing currents in the ionosphere induce magnetic perturbations on the ground. Calculating the difference between the horizontal components of magnetic perturbation (H) at magnetometers near the equator and about 6-9 degrees away from the equator, DH, provides us an indicator of the strength of the EEJ. However, in this research we show how wind-driven currents can also be an important factor in changing the magnitude of DH, using simulations with the NCAR Thermosphere-Ionosphere-Electrodynamics General Circulation Model (TIE-GCM). Through modifying the neutral wind and high-latitude electrical potential at the March equinox under moderate solar activity (F 10.7 = 140 units), the latitudinal distributions of H, diurnal variations of DH, and vertical drift in the Peruvian (75°W) longitude sector are presented in this paper. The relationship between DH and vertical drift is also simulated and discussed, which helps us to understand the importance of both the EEJ and the off-equatorial wind-driven currents in altering the relation. Model results show that the altitude variation of wind velocity in the low-latitude region is capable of modifying the ground magnetic perturbation a few degrees away from the equator. Only by combining the effects of both the EEJ and the off-equatorial wind-driven currents can the magnitude of DH and its relation with the vertical drift be accurately estimated.
Introduction
[2] The equatorial electrojet (EEJ) is a narrow band of intense current flowing eastward in the daytime dynamo region (100-120 km in altitude) centered on the magnetic dip equator of the earth. The relationship between the equatorial electrojet and ionospheric parameters has been intensively studied in the past few decades (see reviews by Forbes [1981] , Rastogi [1989] , Reddy [1989] , and Onwumechili [1997] ). Also, the ground magnetic perturbations which are induced by the EEJ in the equatorial region have been observed regularly at several magnetic observatories since the 1920s [e.g., Bartels and Johnston, 1940; Egedal, 1947; Doumouya et al., 1998; Rastogi et al., 2004; Manoj et al., 2006] . In situ rocket measurements and ground and satellite-borne magnetometers have provided extensive information about the structure and characteristics of the EEJ [e.g., Onwumechili, 1992; Jadhav et al., 2002; Lühr et al., 2004; Lühr and Maus, 2006] . In addition, theoretical and empirical models have been built not only to examine physical features and to understand large-scale spatial variation in the EEJ, but to reveal its relations with other ionospheric phenomena [e.g., Richmond, 1973; Doumouya et al., 2003; Klimenko et al., 2007; Alken and Maus, 2007] .
[3] In the daytime low-latitude ionosphere, an eastward electric field typically exists, generated by charge separation between dawn and dusk through the wind dynamo mechanism [e.g., Heelis, 2004] . The eastward electric field establishes an eastward Pedersen current and a downward Hall current. In the ionospheric E region, the current can only flow in a thin conducting layer and little vertical current flows into and out of the layer because of the particular geometry at the magnetic equator where magnetic field lines are horizontal. In order to maintain divergent-free current, an upward polarization electric field which is much larger than the eastward electric field is generated and forms an upward Pedersen current to balance the downward Hall current. The upward polarization electric field induces a strong eastward Hall current, constituting the EEJ [e.g., Anderson et al., 2004] . A few hundred kilometers or more away from the dip equator the vertical polarization electric field is considerably weaker, so that currents are weaker. As we discuss in more detail later, winds also drive east-west currents in the low-latitude ionosphere, more strongly away from the dip equator than close to the equator. The combination of east-west EEJ and wind-driven currents induce latitudinally varying perturbations of the horizontal (H) component of the magnetic field.
[4] Gouin and Mayaud [1967] used magnetometer data to describe the phenomenon of a negative H perturbation that occurred at Addis Ababa (longitude 38.8°E, latitude 9°N; dip angle 1°S) around 0700 LT (Local Solar Time) and 1500 LT, which they named the ''counter-electrojet''. Rastogi [1974] observed an event when H at Trivandrum (longitude 77°E, latitude 8.5°N, dip angle 1°S, TRV) was above the base value but smaller than H at the off-equatorial station Alibag (longitude 72.9°E, latitude 18.6°N, dip angle 24°N, ALB). This event was called a ''partial counterelectrojet''. The positive value of H at both the equator (TRV) and off-equatorial station (ALB) suggests the effect of the eastward current is larger than any westward current. Fambitakoye et al. [1976] used a physical model to examine the zonal neutral wind effects on the latitude profiles of height-integrated ionospheric currents. Their simulations showed how the wind dynamo from different altitudes changes the latitudinal distribution of currents. A partial counter-electrojet appears if eastward currents driven by the wind at low latitudes are larger than the eastward EEJ at the magnetic equator. Maus et al. [2007] adopted this concept to design an inversion technique to derive the dayside electric field and thermospheric winds at low latitude from the CHAMP EEJ current profiles.
[5] When the eastward electric field builds up the EEJ in the daytime period, this field also combines with the northward magnetic field at the magnetic equator to create an upward vertical drift of the ionospheric plasma. The drift causes a variety of ionospheric phenomena in the lowlatitude region (equatorial ionization anomaly, ionospheric irregularities, the pre-reversal enhancement, etc.) Anderson et al. [2002 Anderson et al. [ , 2004 calculated the difference of H between two ground magnetometer stations, one situated on the magnetic equator and the other located 6 to 9 degrees away, to estimate the strength of the daytime equatorial electrojet in the Peruvian longitude sector. Comparing this difference H, or DH, with the vertical E Â B drift velocities observed from the Jicamarca Incoherent Scatter Radar, they found an approximately linear relationship of the two quantities, and used a neural network approach to predict the vertical drift from DH. Anderson et al. [2006] further applied the neural network method to the Philippine longitude sector to infer the vertical E Â B drift velocity from ground magnetic perturbations in that sector. However, the validity of the inferred drifts at longitudes other than Peru, based on the training of the neural-network technique with only Peruvian data, has not been established. Fang et al. [2008] used the TIE-GCM to examine the linear relation between DH and vertical drifts, and got good agreement with observations. Their results show that the slopes of the relationship change with season and increase with increasing solar activity. Understanding the physical relationship between the ground magnetic perturbation induced by the EEJ and the E Â B drift will help quantify how the method might apply to other longitude sectors.
[6] In this paper, we use model simulation to study wind dynamo effects on the ionospheric currents and the ground magnetic perturbation and to emphasize the importance of the neutral wind in altering the relations between DH and the vertical drift. In the following sections, we first introduce the physical model we use for the research and the simulation conditions of the different cases. Then we present the latitudinal distribution of ground magnetic perturbation (H) created by different components of the wind dynamo and high-latitude penetration electric field. In section 4, we compare the diurnal variations of DH and the E Â B drifts for these different test cases. Next, in section 5, we calculate the linear relationships between the DH and vertical drifts for the different simulations and discuss possible mechanisms for explaining variations of the relationships. Section 6 contains our final conclusions.
Model Description and Simulations
[7] In this research, we use the NCAR TIE-GCM to perform all the simulations. The TIE-GCM is a threedimensional, time-dependent model which solves the full dynamical equations of the coupled thermosphere and ionosphere self-consistently [Dickinson et al., 1984; Roble et al., 1988; Richmond et al., 1992] . With a specified day number of the year, F 10.7 solar flux, high-latitude hemispheric power of precipitating auroral electrons, cross-polar-cap electric potential and tides, the model calculates global electric fields and currents, ion and neutral densities, temperatures, compositions, and velocities. The TIE-GCM calculates the electrodynamics in magnetic apex coordinates [Richmond, 1995] and uses a realistic geomagnetic field model (International Geomagnetic Reference Field). The horizontal resolution is 5°by 5°in geographic longitude and latitude, with two grid points per scale height vertically. A higher resolution is used for calculating the electric fields and currents on a geomagnetically oriented grid, especially in latitude near the equator to resolve the EEJ. At the lower boundary, approximately 97 km, tidal perturbations are driven by the Global-Scale Wave Model (GSWM) from Forbes [2002, 2003] . Only the migrating diurnal and semidiurnal upward propagating tides from the GSWM are considered in our runs. At the upper boundary, approximately 600 km, vertical O + fluxes between the ionosphere and the plasmasphere are specified. The solar EUV radiation is specified by the EUV flux model for aeronomic calculations (EUVAC) [Richards et al., 1994] . In order to better resolve the EEJ, we multiply the baseline TIE-GCM solar fluxes in wavelengths between 8 and 70 Å by a factor 4.4 to increase electron density in the E region [Fang et al., 2008] . It is also important to note that the electron-neutral collision frequency in the model is four times laboratory values, in order to give a satisfactory agreement between simulated and observed features of the EEJ [Gagnepain et al., 1977] . This modification increases the Pedersen conductivity below 105 km, which reduces the EEJ polarization electric field and the strength of the EEJ current at the center of the electrojet. In reality, the reduction of the vertical polarization field appears to be associated with plasma irregularities [e.g., Ronchi et al., 1989] rather than an increased electron collision frequency, and so our ad hoc increase by a factor of four in the electron collision frequency may not quantitatively represent the actual reduction in the vertical polarization electric field under all geophysical conditions.
[8] At low and mid latitudes, the TIE-GCM calculates the electrical potential from the winds and conductivities assuming geomagnetic field lines are equipotential all the way from one foot point in the southern hemisphere to the other foot point in the northern hemisphere, following the formalism of Richmond [1995] . Using the electric potential, the electric field and current perpendicular to the magnetic field are calculated. The geomagnetic field-line integral of the negative divergence of the perpendicular current density gives the field-aligned current density at the top of the conducting ionosphere. The model resolution is variable in magnetic latitude, and is better than 2°close to the magnetic equator. For purposes of calculating magnetic perturbations on the ground, the model treats the height-integrated horizontal current density between 90 km and 600 km as a sheet current flowing at 110 km, and uses a spherical harmonic analysis as described by Richmond [1974] to calculate the equivalent current, a fictitious divergence-free horizontal sheet current that produces the same magnetic perturbations at the ground as the true three-dimensional current system. The calculation provides us the magnitude of ground magnetic perturbations in any specified location on the Earth. Figure 1 shows an example of the latitudinal variation of the noontime magnetic H perturbation from the model. We refer the reader to Doumbia et al. [2007] and Fang et al. [2008] for details of this calculation.
[9] In all the simulations, we run the model for the March equinox (day 80) at moderate solar activity (F 10.7 = 140) under geomagnetically quiet conditions, and present results in the Peruvian sector (longitude 75°W, Peru). The total hemispheric power of precipitating auroral electrons is 15 GW in our runs. The model is first run twenty simulation days under steady state conditions to allow the system to attain a diurnally reproducible state. The winds and conductivities from this state are then used to calculate the electric field and current under four different conditions. First, a baseline case (called ''Baseline'') sets the crosspolar-cap potential to a very low value (1 kV) to represent essentially no penetration electric field, and solves the dynamo equations using the full wind distribution. Second, the wind is set to zero but the cross-polar-cap potential is set to 40 kV for simulating a pure high-latitude penetration electric field effect without the wind dynamo (case ''PeneE''). We further run two simulations (called ''Hdynamo'' and ''Pdynamo'') switching off the wind either above or below pressure level À4 (zp = À4, $123 km in altitude) and using a 1 kV cross-polar-cap potential, to separate the dynamo effects at different altitudes. This level is roughly the boundary between dominant Hall and Pedersen conductivities. Hall current dominates below this altitude while Pedersen current dominates above.
[10] Figure 2 shows an example of the zonal wind height and latitude variation for the Baseline run at longitude 75°W at 1200 LT. Westward winds dominate at this longitude and local time, and generally increase strength with altitude. For the Hdynamo case, the wind velocities below 123 km are kept the same as for the Baseline run but are set to zero at all higher altitudes, while the opposite situation is applied for the Pdynamo case. decrease gradually toward the northern hemisphere. Both Hdynamo and PeneE show a peak above the geomagnetic equator, while two crests appear around 7 degrees from the equator for the Pdynamo. Hdynamo and Pdynamo at this local time show completely opposite structures. In contrast, at 1200 LT an eastward electric field has built up to create an eastward EEJ in all four cases, resulting in H peaks near the geomagnetic equator. At the geomagnetic equator, the Baseline case has the largest value and the PeneE case the smallest one. In the PeneE run, the relatively weak magnitudes symmetrically decrease away from the equator in both directions and then remain fairly constant with increasing latitude. In the Pdynamo case, almost no equatorial enhancement appears. For the Baseline and Hdynamo cases, the peaks are both significant and the magnitudes are higher in the southern hemisphere. For both local times, the Baseline result is the combination of both Hdynamo and Pdynamo. If we calculate DH by subtracting H few degrees away from the equator from H at the equator for Hdynamo, positive values are obtained at both local times. For Pdynamo, on the other hand, a negative value would be obtained for 0800 LT and a positive value at 1200 LT.
Latitudinal Variation of Ground Magnetic Perturbation
[12] Several researchers have simulated the wind dynamo effect on the current and ground magnetic perturbations. Raghavarao and Anandarao [1980] proposed that a strong vertical wind could be effective in driving an equatorial counter-electrojet which produces a similar H structure as our Pdynamo. But their theory requires an extremely strong vertical wind of 15-20 m/s which does not normally exist at the altitude of the dynamo region. Anandarao and Raghavarao [1987] further discussed the changes in H due to the altitude variation of zonal and meridional winds. Their results showed that if the eastward zonal wind increases with altitude, the magnetic perturbation would have a similar latitudinal structure as our Hdynamo. The meridional wind mainly causes asymmetry in the latitudinal distribution of the electrojet and the ground magnetic perturbations. Consequently, the most probable reason for modifying the zonal ionospheric currents appears to be due to altitude variations of the zonal wind as they influence the wind dynamo mechanism. Fambitakoye et al. [1976] used a physical model of the equatorial electrojet and examined the effects of latitudinally uniform zonal winds on the latitudinal profile of height-integrated ionospheric currents. Figure 4 illustrates the ideas they discussed in the paper. [13] In Figures 4a-4c , we draw schematic figures to illustrate and explain how the zonal wind changes the currents in the lower and upper dynamo region, as discussed by Fambitakoye et al. [1976] . We assume no zonal electric field and no meridional wind, but a zonal wind at either low or high altitude (Figure 4a ). The case A and B are analogous to the Hdynamo and Pdynamo we defined in previous section except that the eastward electric fields above the magnetic equator produced by the winds are not considered here. In Figure 4b , for case A, a westward zonal wind (pointing out of plane) is applied in the lower ionosphere (shown in Figure 4a ) where the Hall conductivity dominates, so that westward Hall currents are driven. For field lines with apex heights below about 105 km, the westward wind-driven current is largely balanced out by an eastward Hall current driven by a vertical polarization electric field which is established to offset the downward wind-driven Pedersen current in the lower E region. This cancellation effect generally decreases with increasing apex heights of the field lines. Therefore, the current magnitude tends to be small above the equator but large and westward away from the equator. The westward Hall currents produce a southward magnetic perturbation (green circular arrow) on the ground. On the other hand, for case B, the westward zonal wind is applied at higher altitudes (shown in Figure 4a ), where Pedersen conductivity dominates. An upward polarization electric field perpendicular to the field lines is built up in order to balance the downward Pedersen current. Since magnetic field lines are essentially equipotentials, the polarization electric field can map along the field lines down to lower altitudes, where it generates eastward Hall currents. Near the equator on low-apex-altitude field lines, no currents are driven since no wind is applied there. A situation with small current above the equator and larger eastward currents a few degrees away is created. The eastward Hall currents create a northward magnetic perturbation (green circular arrow). However, in this cartoon, if a wind of opposite direction (i.e., eastward) is applied at the lower or higher altitudes, the current structures will reverse direction: case A would create eastward current and case B would create westward current in the flanks. Figure 4c demonstrates the latitudinal distribution of current which is driven purely due to the eastward electric field in the daytime (i.e., EEJ), without low-latitude winds. The peak value occurs right above the magnetic equator and the values decay with increasing distance from the equator. The currents in cases A and B couple with the EEJ current driven by a zonal electric field to result in the final latitudinal distribution of the ground magnetic perturbations (see Figure 3 as an example). Therefore, not only the EEJ, but also the variations of zonal wind in altitude are impor- 
Ground Magnetic Perturbations and Vertical Drifts
[14] After calculating the latitudinal variation of H, we compute DH from simulated H values at the Jicamarca Radar Observatory (11.90°S, 75°W, 0.6°N dip latitude, JRO) and at Piura (5.18°S, 80.64°W, 6.8°N dip latitude, PIU), subtracting H at PIU from H at JRO, as illustrated in Figure 1 . The E Â B drift velocities generated by the electric fields above the magnetic equator are also calculated by the model. Figures 5 and 6 show the diurnal variation of DH and the vertical drifts for the four simulation cases mentioned in the previous section. In all the simulations, the vertical-drift velocities are averaged over 300-400 km to represent drifts in the ionospheric F region.
[15] In Figure 5 , the Baseline, Hdynamo, and PeneE runs show positive values in the whole daytime period and a peak around noon. The maximum of PeneE occurs about an hour earlier than that for the other two cases, and its magnitude is much smaller. In the PeneE case, the diurnal variation of DH basically follows the equatorial zonal penetration electric field, modulated by the ionospheric conductivity. The electric field magnitude is proportional to the strength of the high-latitude cross-polar-cap potential drop (not shown here). The diurnal variation of DH in the Hdynamo case is similar to that in the Baseline case: it gradually increases in the morning, peaks around noon, and decreases in the afternoon. The Pdynamo case, however, produces negative values in the morning. The variation is very different from that for Hdynamo. As we discussed in the last section, a westward zonal wind in Hdynamo or Pdynamo tends to increase or decrease DH, respectively. The early morning negative values for Pdynamo become positive near noon and peak around 1300 LT due to the eastward current generated by the eastward electric field above the magnetic equator. From Figure 5 , we can see that the effects from the wind-driven current in both Hdynamo and Pdynamo take place during the whole daytime period. The combination of both results becomes the Baseline case.
[16] In Figure 6 , the TIE-GCM reproduces the climatology of the diurnal variation of vertical drifts rather well in the Baseline case. The drift is upward and reaches a maximum at 1300 LT in the daytime. Compared with satellite observations from Fejer et al. [2008] , the daytime peak from the model occurs 1 to 2 h later. The occurrence time of the peak is closely related to the amplitudes and phases of thermospheric tides. It is possible that the TIE-GCM does not simulate these accurately. After sunset, a second peak, called the pre-reversal enhancement, occurs at 1900 LT, and then the drift turns downward in the later evening. In the daytime, eastward electric fields (upward drifts) are generated in all cases. Unlike the cases that consider the wind-driven current (Baseline, Hdynamo, Pdynamo), the drifts for PeneE are nearly constant throughout the daytime. The strength of daytime drifts for Hdynamo is larger than for Pdynamo, which shows that the low-altitude wind is very important for the daytime electrodynamics. The importance of Hdynamo also appears in Figure 6 , where the DH for Hdynamo has a much larger magnitude than that in Pdynamo, and its diurnal variation dominates the Baseline case. Right after sunset, upward drifts occur for Baseline, Pdynamo and PeneE but not for Hdynamo. From this we can see that the pre-reversal enhancement is a phenomenon strongly related to the dynamic processes at higher altitudes ($123 km, Pdynamo), and that the penetration electric field may also play small role in creating it. The Hdynamo causes a strong downward drift during the whole evening period. After 2100 LT, all cases create westward electric fields, but the dominate cause still comes from Pdynamo.
[17] Thus, combining Figures 5 and 6, the variation of wind velocity especially in lower altitude is seen to be obviously important for generating the daytime vertical drifts and modulating the EEJ, while the penetration electric field helps establish the baseline of daytime equatorial electrodynamics. Since the present focus is on the daytime EEJ, we do not attempt to explain phenomena before and after sunset here. In the following section, we use the daytime simulation results to investigate the relationship between the drifts and DH.
Linear Relations Between DH and Vertical Drifts
[18] Since the model provides us both the DH and vertical drifts, it is useful in helping us understand the relationship between the two quantities. In this section, besides the four cases we mentioned, we further conduct four other simulations to distinguish regional wind effects. We divide the latitudes of the Hdynamo and Pdynamo into two parts: low and mid-high latitude. Because the geomagnetic equator in Peru is at 12.5°S geographic latitude, we assign geographic latitudes from 2.5°N to 27.5°S (within ±15 degrees of the geomagnetic equator at that longitude) to be low latitudes, and latitudes north of 2.5°N and south of 27.5°S to be mid-high latitudes. We define a case ''Hdynamo low lat'' for which the wind driving the dynamo is confined to low latitudes and to altitudes less than 123 km. Outside of this region, wind velocities are set to zero. On the other hand, if the wind is applied only at mid-high latitudes below 123 km, we called it ''Hdynamo mid-high lat''. The same method of division is also used for the Pdynamo case, giving ''Pdynamo low lat'' and ''Pdynamo mid-high lat''. In total, including the original four cases, we have eight different cases in this section.
[19] The relation between DH and the electric field depends on the ionospheric conductivity, which in turn depends on the solar zenith angle and solar activity. Since all the runs are under the same F 10.7 , in order to minimize influences of conductivity variations on the relation between electric fields and DH, in the following we select data points with solar zenith angles confined between 30°and 40°. To get more data points to represent the results, besides running the model for the March equinox, we further get results for the June and December solstices under the same solar activity condition. Therefore, we have three diurnal variations of DH and vertical drift which correspond to different seasons. For each case, we then have 13 points representing the values of DH and vertical drift with solar zenith angle between 30°to 40°(4 points at 0930, 1000, 1400 and 1430 LT for the March equinox; 5 points at 1100, 1130, 1200, 1230, 1300 LT for the June solstice; and 4 points at 0930, 1000, 1400, 1430 LT for the December solstice). Figure 7 presents the relationships between DH and vertical drifts calculated from the 13 points for the eight different cases (Baseline, Hdynamo, Hdynamo low lat, Hdynamo mid-high lat, Pdynamo, Pdynamo low lat, Pdynamo midhigh lat, and PeneE). For each case we also calculate the linear regression of the 13 points to get a slope and intercept.
[20] Compared with the Baseline run, both the slope and intercept increase for Hdynamo and decrease for Pdynamo. PeneE shows the smallest slope among these four cases and a bigger intercept than Baseline. First, we discuss the intercepts of these four cases. In the TIE-GCM, the simulation shows strong westward zonal winds in most of the daytime region for both low and high altitudes. As we discussed in previous two sections, without an eastward electric field above the magnetic equator, the westward zonal wind in the lower altitudes (Hdynamo) tends to drive westward currents a few degrees away from the equator. Therefore, when we calculate the DH, it shows a positive value which causes an increase in intercept. The opposite situation happens for the higher altitude wind (Pdynamo), for which the westward wind creates an eastward current in the flanks which causes negative values of DH, reducing the magnitude of the intercept. The wind not only modifies DH but also changes the eastward electric field. Therefore, when evaluating the dynamo effects on DH, we have to be aware of the contribution to these from the EEJ, which make a positive or negative contribution to DH, depending on the sign of the electric field. For PeneE, compared to Baseline, Hdynamo and Pdynamo, the absolute value of the intercept is smaller. Without a zonal electric field or wind DH should be zero. For the slopes, Hdynamo shows a larger value while Pdynamo shows a smaller value, compared with Baseline. That is, for a given increase in the eastward electric field, the change in DH for Hdynamo is bigger than for Pdynamo. In order to investigate the slope, we further separate Hdynamo into Hdynamo mid-high lat and Hdynamo low lat, Pdynamo into Pdynamo mid-high lat and Pdynamo low lat.
[21] For Hdynamo low lat and Hdynamo mid-high lat, the slope increases and decreases, respectively, compared with Hdynamo. The same results also hold for Pdynamo. These results indicate that the wind at different latitudes has different influences on DH and equatorial vertical drifts.
[22] At low latitudes, a wind at the lower altitude contributes positively to DH by driving westward current on either side of the equator. That westward current tends to enhance the charge separation (positive around dawn and negative around dusk) and therefore to enhance the background eastward electric field. The enhanced electric field further increases DH. Therefore, the net increase in DH, for a given increase in electric field, is larger than the increase in DH due to an electric field alone, because of the positive contribution from the off-equatorial wind-driven westward currents. At higher altitudes, a westward wind generates an upward/poleward electric polarization field that drives eastward current on either side of the equator and decreases DH. The eastward current, however, reduces the background eastward electric field by reducing the dawn-dusk charge separation. The diminished eastward electric field also contributes to a decreased DH. Consequently, the decrease of DH for a given decrease in electric field, when the wind-driven current is included, is larger than the decrease in DH due to an electric field alone. Therefore, low-latitude winds at both high and low altitudes tend to increase the slope.
[23] In contrast, a wind at mid-high latitude produces a zonal charge separation that spreads to low latitudes to produce an equatorial zonal electric field. Its effect on DH is similar to that of PeneE, for which the potential drop at high latitudes also extends to the low-latitude region. Therefore, in our results, the slopes of Hdynamo mid-high lat and Pdynamo mid-high lat are similar or identical to that of PeneE. The intercepts also have fairly small differences. Thus, whether an electric field is driven by the wind dynamo at mid-high latitudes or penetrates from the polar cap, the linear relationship between DH and the vertical drift should be very similar. From the distributions of points in these three cases, the model shows that both Hdynamo mid-high lat and Pdynamo mid-high lat tend to create an eastward electric field above the magnetic equator. In contrast, Pdynamo low lat not only creates a negative DH but also a westward electric field. The electrodynamic effects of the wind dynamo at different altitudes and latitudes needs more detailed studies in the future.
[24] The above discussion clarifies how both the EEJ and off-equatorial wind-driven current can have significant effects on modifying the linear relationship between DH and vertical drifts. The neutral wind which affects the DH Figure 7 . DH versus vertical drift velocity for moderate solar activity. Linear equations and data points are given for Baseline (black solid line, circles), PeneE (green solid line, circles), Hdynamo (red solid line, circles), Hdynamo low lat (red dotted line, squares), Hdynamo mid-high lat (red dashed line, triangles), Pdynamo (blue solid line, circles), Pdynamo low lat (blue dotted line, squares), and Pdynamo mid-high lat (blue dashed line, triangles). through alteration of the latitudinal variation of zonal current can also enhance or reduce the equatorial electric fields. Simulation shows that the variations of slopes and intercepts in the linear relations are very sensitive to the variation of the neutral wind. The technique which uses DH to estimate the EEJ and infer the vertical drift needs further careful evaluation.
Summary and Conclusion
[25] We use the TIE-GCM to calculate the ground magnetic perturbations and the vertical drifts above the magnetic equator. The model shows that the westward neutral wind in low altitudes and the high-latitude penetration electric field can produce a stronger northward magnetic perturbation at the magnetic equator than a few degrees away, resulting in a positive DH in the daytime. On the other hand, the westward neutral wind at higher altitudes can produce the opposite structure on the latitudinal variation of H, and therefore make a negative contribution to DH. Our simulations also show that the wind dynamo at low altitudes (below 123 km) is the main driver of the EEJ and vertical drifts in the daytime ionosphere. The pre-reversal enhancement and nighttime downward drifts are created through the wind at higher altitudes. The slopes and intercepts of the linear relationship between DH and the vertical drift are affected by both the equatorial electrojet and the offequatorial wind-driven currents. The high-latitude penetration electric field and the mid-high latitude wind dynamo help to enhance the eastward electric field above the equator, with only slight changes to the linear relationship. However, the low-latitude wind significantly influences both DH and vertical drifts in the equatorial region, and thus significantly changes the linear relation.
[26] Fang et al. [2008] confirmed the approximately linear relationship between DH and E Â B drifts by using the TIE-GCM. Our simulations use the model to further demonstrate how the wind dynamo effects are capable of altering the latitudinal variation of ground magnetic perturbations and the linear relationship. When we try to interpret the variation of DH or its linear relation to the vertical drift, not only the EEJ but also the off-equatorial wind-driven currents from different altitudes need to be considered. This research helps us to understand the possible mechanisms which cause the changes in DH and the physical meaning of a negative intercept in the linear relation between DH and vertical drifts. A better understanding of the variation in DH and this relationship can provide us with a better estimation of the vertical drift velocity estimated from observed ground magnetic perturbations in the future.
